We investigate etched single-layer graphene nanoribbons with different widths ranging from 30 to 130 nm by confocal Raman spectroscopy. We show that the D-line intensity only depends on the edge-region of the nanoribbon and that consequently the fabrication process does not introduce bulk defects. In contrast, the G-and the 2D-lines scale linearly with the irradiated area and therefore with the width of the ribbons. We further give indications that the D-to G-line ratio can be used to gain information about the crystallographic orientation of the underlying graphene. Finally, we perform polarization angle dependent measurements to analyze the nanoribbon edge-regions.
INTRODUCTION

Graphene nanoribbons
1-7 attract increasing attention due to the possibility of building graphene-based nanoelectronics as for example field-effect transistors 3, 8 or quantum dot devices 9, 10 . In contrast to two-dimensional gapless bulk graphene 11 , it has been shown that confinement 12, 13 , disorder 14 and edge effects 13 introduce a transport gap in graphene nanoribbons. The fabrication technique may influence the transport properties of the nanoribbons in terms of added bulk and/or edge disorder. Disorder is expected to strongly influence the scaling behavior of the energy gap as a function of the nanoribbon width and the local doping profile [4] [5] [6] [7] . In addition, very little is known about the edge structure and theoretical investigations of the vibrational properties of nanoribbons have only been started very recently 15 . Raman spectroscopy on carbon (nano)materials 16, 17 has been recognized as a powerful technique not only for probing selected phonons, but also for identifying the number of graphene layers 18, 19 , for determining local doping levels 20 , for studying electron-phonon coupling 21 and thus for the electronic properties themselves.
In this letter we report Raman spectroscopy experiments on etched graphene nanoribbons with different widths w ranging from 30 to 130 nm (schematic in Fig. 1a) . We show that the characteristic signatures of single-layer graphene (SLG) in the Raman spectra are still well preserved, that the absolute G-and 2D-line intensities scale with the nanoribbon width, whereas the D-line intensity does not. Consequently, the D-line intensity depends only on the edge-region of the nanoribbon including the edge roughness which can be further analyzed by performing polarization dependent measurements.
FABRICATION
The nanoribbon fabrication is based on the mechanical exfoliation of natural graphite 
EXPERIMENTAL SETUP
All Raman spectra were acquired using a green laser (532 nm,hω L = 2.33 eV). Employing a long working distance focusing lens (numerical aperture = 0.80), we obtain a spot size with a diameter d ≈ 400 nm. The incident light was -unless stated differently -linearly polarized parallel to the macroscopic edge of the nanoribbons (θ = 0 • ) and detection was always insensitive to polarization. The laser power was set to ≈ 2 mW in order to exclude heating effects and all measurements were conducted at room temperature. 
RESULTS
A selection of Raman spectra of nanoribbons with different widths w is shown in Fig. 2 .
In all measurements, the characteristic signatures of graphene Raman spectra can be well From the fact that we can measure 30 nm wide nanoribbons (see Fig. 2e ), we conclude that such a Raman-inactive edge-region must either be significantly smaller than 15 nm or scale with the nanoribbon width.
In order to compare the three arrays (#1 − #3), we show in Fig. 3a the intensity ratio I(D)/I(G) versus the inverse ribbon width. Each array is made from a single SLG flake and all nanoribbons on a specific array were etched in the same processing step and are oriented parallel to each other. As a measure for the intensity, the peak area was used 31 .
Based on the previous argument, the relation I(D)/I(G) ∝ w −1 is expected and observed.
It is important to note that this relation only holds in the limit d w (otherwise there is no edge located under the laser spot). Therefore, a linear fit was performed for each array and the intersection of the fit with the abscissa was pinned to
Interestingly, the fits for the different arrays exhibit different slopes. There are two possible explanations: (i) The edge roughness differs for the different arrays: Rougher edges result in more defects illuminated by the laser spot and therefore a higher D-line intensity. As all the arrays were fabricated using the same process, this is improbable.
(ii) The slopes can also be attributed to different crystallographic orientations of the graphene relative to the edge. This is because perfect zig-zag edges do not activate the D-line due to momentum conservation 25, 26 , whereas armchair segments do. While the plasma etched edges are certainly rough, the ratio of zig-zag to armchair segments should nevertheless depend on the overall crystallographic orientation relative to the nanoribbon orientation.
In Fig. 3b (Fig. 3.c) . According to Ref. 27 , a lower bound of the edge disorder correlation length can be estimated by ξ = 2v F /(ω L b) ≈ 1 nm, which is in reasonable agreement with current fabrication limitations 34 .
CONCLUSION
In conclusion, we have demonstrated that the D-and D'-line depend only on the nanoribbon edge-region whereas the G-and the 2D-line scale with the illuminated area. We have shown that our fabrication process does not introduce bulk defects and that the I(D)/I(G) ratio can give indications about the crystallographic orientation of graphene. These insights may help in designing further experiments and designing future graphene nanoelectronic devices.
